Proteins from the prokaryotic nucleoid The interaction between protein NS and DNA involves the oligomeric form of the protein and at least one Arg residue by Lammi, Matilde et al.
Volume 170, number 1 FEBS 1405 May 1984 
Proteins from the prokaryotic nucleoid 
The interaction between protein NS and DNA involves the oligomeric 
form of the protein and at least one Arg residue 
Matilde Lammi, Maurizio Pacit and Claudio 0. Gualerzi+ 
Max-Planck-lnstitut fiir Molekulare Genetik (Abteilung Wittmann), Berlin, Germany and 
BioIogy, University of Calabria, Arcavacata di Rende (CS), Italy 
Received 2 February 1984; revised version received 14 March 1984 
Department of Cell 
The interaction of the prokaryotic DNA-scaffolding proteins NS (from Escherichia cot0 and BS-NS (from 
Bacillus stearothermophilus) with DNA has been investigated. Upon binding of NS to DNA, the resolution 
of its 400 MHz ‘H-NMR spectrum is lost, due to the broadening of all resonance lines. These effects are 
reversed by increasing the ionic strength. Since with increasing amounts of DNA added all resonances 
broaden progressively and simultaneously without prior selective loss of the spectral features due to the 
tertiary and quatemary structure of the protein, it is suggested that NS binds to DNA in the aggregated 
form (octameric?) and without gross alteration of its tertiary structure. By selective chemical modification 
of BS-NS it was found that at least one Arg residue, located in the major hydrophilic, positively charged, 
conserved peptide of the protein (positions 51-70) is necessary for the interaction of BS-NS with DNA. 
Bacterial chromatin DNA-scaffolding Protein DNA binding Chemical modification 
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1. INTRODUCTION 
In recent years, several DNA-scaffolding pro- 
teins (histone-like proteins) have been isolated 
from various eubacteria and archaebacteria. In 
Escherichia coli, the most abundant of these pro- 
teins are NS* (NSl + NS2) and H-NS [l-5]. NSl 
and NS2 are two polypeptides (approx. 9 kDa 
each) displaying close to 70% sequence homology 
[6]. H-NS is a larger protein (=16 kDa) apparently 
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In the absence of a uniform nomenclature, we refer to 
the two basic low-M, DNA-binding proteins of E. coli 
as NSl and NS2 since as in [3] we prepare these pro- 
teins from a high-salt ribosomal wash and since this is 
the name first given to the two separated proteins [3] 
(earlier thought to be a single polypeptide). The native 
complex of NSl and NS2 is referred to as NS 
unrelated to NS, at least as far as primary structure 
is concerned [5]. Unlike the case of E. coli, other 
bacteria so far investigated (e.g., Bacillus 
stearothermophilus) contain only one type of the 
lower molecular mass protein, homologous to both 
NSl and NS2 [7]. 
The ‘H-NMR spectra of NSl, NS2 and NS are 
characterized by the presence of a large number of 
high-field perturbed resonances of stacked Phe 
residues, several shielded and deshielded methyl 
resonances and backbone NH protons quite inac- 
cessible to the solvent [8]. These features arise 
primarily from strong hydrophobic quaternary in- 
teractions [S]. Crosslinking experiments have in- 
dicated that the aggregated state of NS is the 
tetramer or, possibly, the octamer ([5] and Loss0 
et al., in preparation) with the basic unit consisting 
of heterotypic dimers [8,9]. From these and related 
studies (e.g., X-ray crystallography [lo]) the 
elucidation of the structural organization of these 
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proteins is gradually emerging. By contrast, very 
little is known concerning the mode and the 
molecular basis for the interaction between these 
proteins and DNA. 
We have here investigated the interaction of 
DNA with NS from E. coli and B. stearother- 
mophilus (BS-NS) by means of ‘H-NMR spec- 
troscopy using deuterated DNA and by Millipore 
filtration using radioactive DNA and protein sub- 
jected to selective chemical modifications. We 
show that NS interacts with DNA in its aggregated 
form, that the interaction involves at least one Arg 
residue and we identify a hydrophilic, positively 
charged conserved region of NS responsible for the 
interaction with DNA. 
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2. MATERIALS AND METHODS 
E. coli NS and B. stearothermophilus BS-NS 
were purified to electrophoretic homogeneity as in 
[ill. 14C-labelled DNA (619 cpm/pg) and 84% 
deuterated, fragmented (average size 10 kb) E. coli 
DNA were kindly provided by Drs CL. Pon and 
A. Miano. ‘H-NMR spectra were obtained as 
described in the legend to fig. 1. Arginine modifica- 
tion with 2,3-butanedione (Serva) [12] and rose 
bengal-photosensitized oxidation of histidines 
were carried out as in [13]. Analytical protein 
chemical techniques were performed as in [14]. 
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Fig. 1. Effect of DNA binding on the ‘H-NMR spectrum of NS. ‘H-NMR spectra were obtained in standard 5-mm tubes 
at 19 f 1°C on 5 mg/ml protein samples (=5.5 x low4 M) in 10 mM K-phosphate buffer (pH 7.5) (meter eading) 
containing the indicated amounts of deuterated, fragmented DNA and, unless otherwise specified, 100 mM KC1 
(suprapur, Merck) in 99% DzO (Merck). The spectra were recorded after 1000-4000 transients on a Bruker WM-400 
spectrometer operating at 400 MHz with 4ps (-30”) pulse, 6000 Hz spectral width and relaxation delay of 2.0 s. 
Magnetization decays obtained in the quadrature detection mode were accumulated on 16 K of memory. Sensitivity 
enhancement by 0.4 Hz exponential multiplication was applied. HDO was partially suppressed using an inverse gated 
pulse irradiation technique for a duration of 1.5 s. Spectra: (a) NS alone; (b) NS : DNA = 40: 1 (w/w); (c) NS : DNA = 
20: 1 (w/w); (d) NS: DNA = 7: 1 (w/w); (e) NS: DNA = 3.5 : 1 (w/w); (f) same as in e at 0.4 M KCl; (g) same as e at 
1.0 M KCl. A, aromatic region; B, aliphatic region; C and D are enlarged portions of B. Arrows: (in A) a perturbed 
Phe resonance characteristic of NSl-NS2 heterotypic aggregates [8]; (in B) ring current shifted methyl resonances due 
100 
to NS tertiary and quaternary structure [8]. 
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3. RESULTS AND DISCUSSION 
In the first experiment, increasing amounts of 
deuterated fragmented DNA were added to a fixed 
amount of NS (fig.1, spectra a-e). As seen from 
the figure, this causes the progressive broadening 
of all the resonances, without any specific 
modification of the spectrum, except for a slight 
upfield shift of the 6CH2 Arg band at 3.2 ppm [8]. 
These effects are not (or only minimally) due to the 
increase in viscosity in the system brought about by 
the addition of DNA, since the resonances due to 
preparation impurities remain relatively sharp and 
the broadening effect can be reversed by increasing 
the ionic strength (fig.1, spectra f,g). Thus, the 
disappearance of the protein spectrum indicates 
that an exchange dynamics exists between free and 
DNA-bound proteins; the increase in the correla- 
tion time of the bound species causes an increase in 
the relaxation rate which, probably together with a 
medium-low rate of exchange, brings about the 
broadening of the resonances of NS until they vir- 
tually disappear. The increase in the Kd of the 
DNA-NS complex caused by the addition of KC1 
results in an increase in the concentration of the 
free species in solution and the consequent reap- 
pearance of the resonance bands characteristic of 
NS. 
It can also be seen from the figure that the ring 
current shifted methyl resonances (fig.lD) due to 
the tertiary and quaternary structure of NS [B] as 
well as the pattern of Phe resonances perturbed up- 
field (fig.lA) because of Phe ring stacking in the 
quaternary structure of NS [B] broaden and disap- 
pear simultaneously or even somewhat later than 
the other resonances. This indicates that the in- 
teraction of NS with DNA does not result in a 
gross alteration of the tertiary structure of the pro- 
tein nor of its aggregation equilibrium (i.e., 
dissociation of NS aggregates i  not a prerequisite 
for the binding). As shown above, the spectrum 
obtained in the presence of DNA at a high (e.g., 
1 M) KC1 concentration is overall very similar to 
that of the free protein (cf. spectra g and a of 
fig.1). Noteworthy, however, is the incomplete 
reappearance of the6CH2 band of Arg at 3.2 ppm; 
this behaviour which is best seen at a higher 
DNA:protein ratio is particularly evident when 
compared to that of the nearby &HZ band of 
lysine (fig.2). Since no such effect was found upon 
Fig.2. Involvement of GCHzArg in NS binding to DNA. 
Spectral conditions were as described under fig. 1. Upper 
spectrum: a 1: 1 (w/w) mixture of NS and deuterated, 
fragmented DNA at 100 mM KCl; lower spectrum: the 
same sample containing 2 M KCl. Only the GCHzArg 
and &HzLys bands are shown. The partial 
reappearance of the GCH2Arg resonances is indicated by 
the arrow. Each division on the abscissa corresponds to 
0.1 ppm. 
increase of the KC1 concentration in the absence of 
DNA [8], this must be attributed directly or in- 
directly to the presence of the nucleic acid. This ef- 
fect is probably due to a residual immobilization of 
the Arg residues in spite of the high ionic strength 
and suggests an involvement of Arg residues in the 
interaction between NS and DNA. 
Direct evidence for this premise was sought by 
selective chemical modification of Arg residues 
with 2,3-butanedione. For this purpose, we chose 
to work with the NS protein extracted from B. 
stearothermophilus (BS-NS), since the presence of 
only one type of subunit in this protein should 
simplify the protein-chemical identification of the 
reacted residues. Thus, samples of BS-NS were 
reacted with 2,3-butanedione for various lengths 
of time; after dialysis against borate-containing 
buffer, increasing amounts of the modified pro- 
teins were tested for their capacity to retain 
radioactive DNA on nitrocellulose filters and the 
extent of Arg modification of each sample was 
determined by amino acid analysis. As seen from 
fig.3, the DNA-binding capacity of BS-NS is 
rapidly lost (80% after 10 min) following incuba- 
tion with 2,3-butanedione. The loss of activity, 
however, does not parallel the loss of arginines; the 
101 
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Fig.3. Inactivation of the BS-NS binding capacity following reaction with 2,3-butanedione. A, DNA binding activity 
of 2,3-butanedione - modified BS-NS; B, kinetics of activity and arginine loss in BS-NS. BS-NS (4.6 mg) was 
incubated at 25°C in 6.0 ml of 100 mM Hepes buffer (pH 8.0) containing 50 mM Na borate and 10 mM 
2,3-butanedione (Serva). At the indicated times 1.0 ml aliquots were withdrawn and the reaction stopped by addition 
of 100~1 of arginine (24 mg/ml, pH 7.9). The protein samples to be used for amino acid analysis were exhaustively 
dialysed against 2% acetic acid, lyophilized and subjected to acid hydrolysis [14]. The samples to be assayed for their 
DNA binding capacity were exhaustively dialysed against 20 mM Tris-HCI (pH 7.2) containing 200 mM NH&I, 
50 mM Na borate; 1 mM NaEDTA, 10% glycerol. For the DNA binding reactions 240 ,J of 0.1 x SSC containing 
50 mM Na borate (pH 7.5) and 5 pg [14C]DNA (619 cpm/pg) were mixed with the indicated amounts of modified BS-NS 
in 60 81 of the above dialysis buffer. After incubation for 15 min at 37”C, the DNA-protein complexes were collected 
onto Millipore filters (0.45 pm) which had been presoaked for 1 h at 22°C in 20 mM Tris-HCl (pH 7.2), 100 mM KCl, 
1 mM NaEDTA, 5 mM MgClz, 5 mM PMetOH, 50pg/ml BSA and rinsed with the above buffer without BSA. The 
complexes on the filters were washed with three 3-ml portions of 0.1 x SSC containing 20 mM Na borate and quantified 
by liquid scintillation counting. The calculated rate at which the fast reacting Arg residue is modified is shown by the 
dashed line. 
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Fig.4. Hydropathic character of BS-NS. The primary structure of BS-NS [7] was analyzed according to the computer 
program in [15] to display the hydrophobic (above the horizontal line) and the hydrophilic (below the horizontal line) 
regions of the protein. The arrows indicate the positions of the 5 Arg residues in the primary structure of BS-NS. The 
102 
sign (+ or - ) indicates the charge of the amino acid. 
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inactivation is rapid and is accompanied by the loss 
of approx. 30% of the residues (i.e., 1.5/5), while 
the modification of the remaining residues follows 
at a slower rate. Comparison of the apparent first 
order rate of BS-NS inactivation with that 
calculated for the modification of a single fast- 
reacting arginine, suggests that it is the modifica- 
tion of this residue which causes the loss of the 
DNA-binding capacity of the protein (fig.3B). 
Hydrophobicity analysis of the BS-NS primary 
structure according to the computer program in 
[ 151 reveals the existence of 3 regions (6-14; 
25-34; 43-50) with strong hydrophobic character, 
and 3 regions (15-24; 35-42; 51-70) with strong 
P3b 
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hydrophilic character (fig.4). Of the 5 Arg residues 
of the molecule, one (position 37) is located in the -@ P8 
second hydrophilic region, flanked by other charg- 
x0 
ed residues, while the remaining 4 (positions 53, 
_T 
55, 58 and 61) are clustered in the third hydrophilic - + 
region (hatched in fig.4). 
To locate the fast-reacting Arg residue essential 
for DNA-binding within the BS-NS molecule, 
fingerprints of peptic peptides were obtained from 
the native, as well as from the 2,3-butanedione- 
reacted protein. After identification of the Arg- 
containing peptides (hatched in fig.5) these were 
Fig.5. Peptic fingerprints of BS-NS. The conditions for 
the peptic hydrolysis and the peptide nomenclature were 
as in [7]. After location of all peptides by fluorescamine 
reaction [ 161 the Arg-containing peptides (hatched) were 
identified by the 9, IO-phenanthroquinone reaction [ 171. 
Table 1 
Amino acid composition of Arg-containing peptic peptides of 2,3-butanedione-modified BS-NS 
Reaction time DNA-binding Peptide= Amino acid composition 
(min) activity 
Woo) 
0 100 P8: 
P6 + P9: 
Asx (1); Thr (1); Glx (5); Pro (1); Gly (2); Ala (2); 
Val (1); Lys (1); Arg (4) 
Asx (2); Ser (1); Glx (2); Pro (3); Gly (2); Ala (5); 
Val (3); Met (1); Ile (1); Leu (3); Phe (1); Lys (7); Arg (1) 
20 
50 
11 P8: 
P6+P9: 
5.7 P8: 
P6 + P9: 
Asx (1.6); Thr (1.1); Ser (1.3); Glx (5.4); Gly (4.1); Ala (2.7); 
Val (1.0); Pro (0.8); Lys (1.9); Ara (2.2) 
Asx (2.4); Ser (1.4); Glx (2.6); Pro (1.3); Gly (3.8); Ala (4.0); 
Val (2.3); Met (1.4); Ile (0.9); Leu (4.0); Phe (1.0); Lys (7.0); 
(1.0) Am 
Asx (1.6); Thr (1.2); Ser (0.7); Glx (5.1); Pro (0.6); Gly (4.0); 
Ala (1.8); Val (1.0); Met (0.6); Lys (1.8); Ara (1.01 
Asx (2.3); Ser (1.5); Glx (2.4); Pro (1.3); Gly (3.6); Ala (3.8); 
Val (2.2); Met (1.4); Ile (1.0); Leu (3.9); Phe (1.0); Lys (7.0); 
Ara (0.9) 
a The nomenclature of the BS-NS peptic peptides is as in [7] 
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extracted and their amino acid compositions deter- 
mined. As seen in table 1, the Arg content of pep- 
tide P8 is drastically reduced (from 4 to 2.2 
residues after 20 min), while Arg 37, located in 
peptide P6, does not react (or reacts very slowly) 
with butanedione, even after 50 min incubation. 
Thus, at least one residue of the 35-42 peptide of 
BS-NS is not exposed suggesting that this region of 
the molecule is not involved in DNA binding; this 
is also compatible with the fact that the arginine in 
this position is not conserved in other bacterial 
species [7]. The arginines contained in the 51-70 
region, on the other hand, are exposed and at least 
one of them is required for DNA binding. Since 
this region of the molecule is one of the most con- 
served among the homologous proteins from other 
bacteria [7], it is tempting to speculate that it is this 
part of the molecule which is primarily responsible 
for the interaction with the DNA. Protection of 
the arginine residues of this region from modifica- 
tion in the presence of DNA (not shown) and loss 
of DNA binding capacity of E. coli NS-2 following 
the photooxidation of the single His residue (posi- 
tion 54) also localized in this region of the molecule 
(not shown) lend further support to the above- 
mentioned premises. The involvement of this pep- 
tide in DNA binding is also compatible with and 
suggested by the recently resolved 3-dimensional 
X-ray crystallographic structure of BS-NS at 3.0 A 
resolution (Tanaka et al., in preparation). 
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